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ABSTRACT OF THESIS

METALLIC PATTERNING USING AN ATOMIC FORCE MICROSCOPE TIP
AND LASER-INDUCED LIQUID DEPOSITION

The development of nanoscale patterns has a vast variety of applications going from
biology to solid state devices. In this research we present a new direct patterning technique
in which laser photoreduction of silver from a liquid is controlled by a scanning atomic
force microscope tip. While pursuing the formation of patterns using the plasmonic ﬁeld
enhancement of an electromagnetic wave incident on a metallic Atomic Force Microscope
(AFM) tip, our group discovered that contrary to expectations, the tip suppresses, rather
than enhances, deposition on the underlying substrate, and this suppression persists in the
absence of the tip. Experiments presented here exclude three potential mechanisms: purely
mechanical material removal, depletion of the silver precursor, and preferential photoreduction on existing deposits. An example of a nano-scaled pattern was generated to show the
possibilities of this work. These results represent a ﬁrst step toward direct, negative tone,
tip-based patterning of functional materials.

KEYWORDS: Nanoscale patterning, AFM Tip, Tip-based patterning, Silver Deposition,
Laser-induced liquid Deposition.
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Chapter 1
INTRODUCTION
Most materials have diﬀerent properties when their sizes are reduced to the nano-scale. The
applications for nano-technology are so diverse that they can go from silver nano-spheres
used in antibacterial cloth [1] to improved sensors in controlled substances detectors. Several devices nowadays require the use of these nanoscopic materials; however, the current
fabrication processes to develop nano-patterns are expensive and complicated. A considerable amount of research is being done currently to ﬁnd a reliable, inexpensive, and simple
way to obtain patterns of nanometric size. This study analyzes a novel approach to obtain
small silver patterns using a simple technique based on the use of Atomic Force Microscope
(AFM) probes.
In the area of nanofabrication diﬀerent techniques using tools like electron beam, ion
beam, scanning probes, and extreme ultraviolet light sources have been used to successfully
form nanopatterns. Most of these techniques work by using the previously mentioned tools
to expose some type of photoresist and generate the patterns after developing the resist.
Patterns of less than 20 nm width have been achieved [2].
The already nanometric size of the probes used in the scanning probe tools, has given
rise to a diﬀerent type of fabrication. Instead of exposing resist, the sharp probe has
been used by itself to form nanopatterns. These small tips have been successfully used
previously to indent surfaces [3], manipulate particles [4], and deposit particles [5]. All
of these techniques have been explored further and interesting results and patterns have
been obtained. However, very few people have used enhanced electric ﬁelds to deposit and
pattern metals on a dielectric substrate.
This document will treat the patterning and deposition of silver on glass substrates by
means of photoreduction of silver nanoparticles from liquid precursors aided by a scanning
probe. We explain the experiments conducted to understand the pattern formation process
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and its limitations. Conclusions and suggested future work are proposed for the improvement of this technique. As it will be shown, the new proposed methodology can be used to
form negative toned patterns of less than 1 µm width. Given an enhancement in the deposits characteristics, and a variety in the materials deposited, this technique could provide
a solution to a common problem identiﬁed in the industry of integrated circuit mask repair.
In the following chapter (chapter 2) a brief introduction to the equipment, technique,
and theories used during this study is given. Chapter 3 will provide an overview of the
research that has been done so far in the laser induced and tip aided nanofabrication.
Chapter 4 will provide a description of the laser sources, liquid precursors, and AFM used
in this study. Chapter 5 discusses the results and provides an explanation for the observed
eﬀects. Chapter 6 contains the conclusions reached during the development of this project
and chapter 7 will present the future work needed to correct some problems detected and
to improve the overall conditions of the experiments to obtain better results.
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Chapter 2
EQUIPMENT, TECHNIQUES AND THEORIES IN
NANO-FABRICATION
The basic tool used in this study is the atomic force microscope. With it we try to take
advantage of the electric ﬁeld enhancement due to a plasmonic physical eﬀect. Hence the
necessity of providing a basic explanation of the tools and theories that made possible and
provided the motivation for our study.

2.1

Atomic Force Microscope Basic Operation

The scanning probe microscope (SPM) is a generic name for an instrument that acquires
data from a sample while moving across a region in a sweeping mode (line by line) and at a
very close distance or even in contact with the surface. SPM uses a single tip, attached to a
piezoelectric device, to perform diﬀerent measurements on the sample such as topography,
conductivity, magnetic properties, and more. Two very popular derivations of the SPM
are the scanning tunneling microscopy (STM), which is the origin of every SPM variation,
and the atomic force microscopy (AFM), which is the tool used in this study. The STM
uses a conductive tip to run a current across the tip and the region being scanned. The tip
sample separation can be controlled precisely such that the current is kept constant as the
tip scans. In contrast, the atomic force microscope uses a laser to measure the position of
the tip, and does not require a conductive tip. The tip with an apex radius of usually less
than 30nm is placed on the piezoelectric device which is capable of moving precisely in the
sub micrometric range. The laser beam is aimed at the back of the tip and reﬂected to a
photodetector. Figure 2.1 shows a diagram explaining the AFM components. This same
setup is used for the scanning tunneling microscope (STM). The AFM has two basic modes
to work: the contact mode, and the tapping mode.
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Figure 2.1: AFM basic operation diagram. The laser signal is reﬂected from a coated
surface on the cantilever, the photodetector can sense the position of the reﬂected beam in
four quadrants.

2.1.1

Contact Mode

In contact mode the tip is brought down until it is in contact with the surface of the sample
to be read. The piezoelectric device is able to move the tip in three dimensions: X and Y,
the horizontal and vertical movement on the sample’s surface plane, and Z, the up/down
movement in charge of approaching or withdrawing the tip from the sample. After the
tip reaches the sample, the piezoelectric device moves further in the Z axis to reach a set
point. This set point tells the system the force that one wants the tip to apply on the
sample. Once the force set point is reached, the piezoelectric is in charge of keeping this
force value constant; to achieve this it uses a proportional-integral control system which
can be set depending on the sample and the reading speed conditions. The piezoelectric
makes the scan by moving horizontally and vertically in the surface plane according to the
scan conﬁguration. The Z movement of the piezoelectric and the vertical position change
in the laser reﬂection are added to give the topography values. Another value given in this
mode is the friction which is obtained from the horizontal movement of the reﬂected laser
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beam. The friction gives an idea of the lateral force the sample made when opposing to the
sweeping movement of the tip.

2.1.2

Tapping Mode

The operational method of tapping mode is more complicated than the one contact mode
utilizes. However, the advantage of tapping mode is that the tip does not have to be in
contact with the surface of the sample. This operation mode is convenient when a soft
sample needs to be imaged or the tip needs to be protected from wear. It could also provide
a better resolution due to the elimination of a water meniscus present between the tip and
the sample when using contact mode. In this mode the system ﬁnds a resonant frequency
of the cantilever holding the tip. A diﬀerent piezoelectric device, closer to the cantilever, is
in charge now of continuously driving the cantilever oscillation at this resonant frequency.
The photodetector now reads the amplitude of the cantilever’s oscillation. When the tip
approaches the surface, the amplitude of the cantilever’s oscillation changes due to diﬀerent
forces the sample exerts on the tip. According to how close one wants the tip to the sample
an amplitude set point is given. When the amplitude of the oscillation of the cantilever
reaches the desired value the three axis movement piezoelectric stops approaching and the
control system is in charge of keeping this amplitude constant. The topography value is
now given by the small change in amplitude and the movement the piezoelectric device
makes. A phase diﬀerence value comparing the driving oscillation and the oscillation of
the cantilever is available to read now. The new value indicates how strongly the forces of
the surface aﬀecting the tip are. If the amplitude set point given is such that the tip gets
in contact with the sample in each oscillation then the phase value is an indicator of the
stickiness of the surface.

2.2

Plasmonics Theory

Plasmonic eﬀects have been present in daily lives since centuries ago. An ancient technique
uses gold and silver nanoparticles to give diﬀerent colors to glass. Recently, the interest in
nanophotonics has increased, and the plasmonic eﬀects have been used and applied to state
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of the art technology. Plasmonic theory studies the interaction between electromagnetic
waves, speciﬁcally light, and metallic surfaces or particles. When light strikes on the interface between two materials with opposite sign in the real part of the dielectric constant, a
charge density wave is generated on the interface; this is commonly referred to as surface
plasmon wave or surface plasmon polariton.

2.2.1

Surface Plasmon

As mentioned before, a surface plasmon wave is formed when the interface between a metallic
surface and a dielectric medium is illuminated with a wavelength at which the real part
of the dielectric constants of both materials are opposite in sign. Common materials in
which the real part of the dielectric constant is negative are materials in which some of the
electrons behave like free electrons. Highly conductive metals like gold and silver can have
this behavior. The surface plasmon wave, formed by a charge density, propagates along
the metallic surface at a diﬀerent wavenumber than the incident wave. However, the most
important characteristic of a surface plasmon wave is the fact that light can be conﬁned to
a small region (in this case a two dimensional region), usually smaller than the wavelength
of the incident light. If the metallic surface were reduced in size and became a nanoparticle
the wave lacks a path to propagate, however a more interesting eﬀect is obtained and is
named localized surface plasmon (LSP).

2.2.2

Localized Surface Plasmon

If the size of the metallic surface used to generate surface plasmon waves is reduced such
that there are now only metallic nanoparticles, a localized surface plasmon is generated. A
localized surface plasmon is the accumulated charge density present in a material with a
high number of free electrons. When light strikes a highly conductive particle of smaller
size than the wavelength of the incident light the electron cloud will be excited and oscillate
with the same frequency as the incident electromagnetic ﬁeld but with a phase shift of 90◦
at resonance. This electron cloud/positively charge nuclei system is often modeled as a
resonator. In fact the resonant frequency is achieved when the electrons absorb most of the
energy provided by the incident wave. The fact that the particle has a size smaller than
6

the incident wave’s wavelength, allows us to say that the energy has been conﬁned to a size
smaller than its wavelength. This phenomenon of light conﬁnement is not only present in
small nanoparticles but it can also be found in an apex of a very sharp tip.

2.3

Plasmonic Eﬀects on Nano-particles, Substrates, and Tips

The theoretical behavior of electromagnetic ﬁelds incident on nanoparticles tips and substrates has been studied in depth during the 20th century. Nowadays, the development of
faster computers and better mathematical algorithms has allowed the simulation of electromagnetic behavior in more complex geometries. The mathematical theory and the computer
simulations have provided a better understanding of the enhanced electromagnetic ﬁelds and
light conﬁnement in systems based on substrates, nanoparticles and nano probes.
In 1908 Gustav Mie published a paper that solved Maxwell’s equations to ﬁnd the
scattering of a dielectric spherical particle suspended in a homogeneous medium [6]. This
solution provided the basis for analysis and simulation of ﬁeld enhancement due to the
illumination of a spherical nanoparticle. Mie proposed a solution in which the enhancement
of the ﬁeld depended on the size, wavelength, and the indices of refraction of the particle and
the medium. Speciﬁcally, the ﬁeld enhancement increases when the particle size decreases
or when the illumination wavelength increases [7].
Clearly a plasmonic ﬁeld enhancement is not only present in spherical nanoparticles.
Based on simulations of electromagnetic behavior in nanoscale objects several authors have
studied the eﬀect of the plasmonic enhancement on sharp tips and sharp tips on substrates.
These studies relate better to the research done by our laboratory group. The tip and tipsubstrate geometry studies have returned these basic conclusions. The ﬁeld enhancement
is reduced as one moves farther away from the apex of the tip, the proximity of the tip to
a dielectric substrate aﬀects the shape of the enhancement, the size of the tip aﬀects the
amount the electric ﬁeld gets enhanced, and the incidence angle and polarization aﬀects the
location along the tip where the ﬁeld enhancement is maximum [8, 9, 10].
When the tip is in proximity of a spherical metallic nanoparticle an eﬀect similar to the
substrate-tip proximity is generated. This eﬀect and geometry have been studied before and
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simulation work has been done by diﬀerent authors [10, 11]. For the tip-particle geometry
the maximum ﬁeld enhancement is obtained between the tip and the particle, and the
intensity of the ﬁeld below the tip’s apex can be up to two orders of magnitude higher than
the intensity of the incident ﬁeld [9]. Figure 2.2, copied with permission from Huda et al.
[11], shows a simulation of the electric ﬁeld enhancement in a tip-nanoparticle-substrate
geometry. In this case the tip (silicon), nanoparticle (gold), and substrate (glass) are being
illuminated, through the glass substrate, with a 532 nm wavelength plane wave at 50◦ from
the normal. The colors show the norm of the electric ﬁeld, ranging from zero (blue) to
27.338 (red) V/m for 5 nm vertical separation

Figure 2.2: Plasmonic field enhancement on a tip-nanoparticle-substrate geometry. A glass substrate, a gold nanoparticle, and a silicon tip are illuminated with a 532nm
wavelength plane wave coming at a 50◦ angle. The ﬁgure shows the enhanced electric ﬁeld.
The red color is 27 times higher than the incident wave.

8

Chapter 3
LITERATURE REVIEW IN TIP AIDED, AND LASER
INDUCED NANO-FABRICATION
Techniques to form nano-patterns of noble metals such as gold, silver, copper, and palladium have been developed continuously and very diverse technologies are being used for
fabrication [12, 13, 14, 15, 16].

3.1

Laser-induced Nano-fabrication

Several groups have also directly deposited noble metals from solution using chemical reactions triggered with a laser beam. This method is called laser-induced chemical deposition
(LICD) [17, 18, 19, 20, 21]. Most of these studies use liquid precursors to deposit copper,
palladium, silver, gold, and even zinc oxide. The materials this study desired to deposit are
silver, gold and copper. Hence, this chapter will only review the deposition of these metals.
To deposit copper authors have used aqueous solutions based in simple salts like copper
sulfate [22, 23], copper chloride [24] or larger molecules like copper acetylacetonate [25], or
copper formate [18]. Kords̀ et al. [23] and Man’shina et al. [24] use a reducing agent so
that the laser illumination photoreduce the copper eﬃciently. Except for Ouchi et al. [25]
and Kim et al. [18], who use an ultraviolet light, the copper photoreduction is made with
a 488 nm continuous wave argon laser. The approach used by Kim et al. [18] is much more
complex; they spray copper formate in a liquid form and let it evaporate until it forms a gel
like paste. Once this paste is formed, the sample is illuminated with an ultraviolet laser.
Only the illuminated areas are solidiﬁed and the paste residue is washed with DI water.
The minimum width of the copper patterns achieved with LICD is 3 µm.
The deposition of silver and gold on diﬀerent substrates has achieved a special interest
in researchers due to the application of surface enhanced Raman scattering (SERS). Several
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authors have used the photoreduction of liquid precursors to elaborate Raman measurement
applications [17, 13, 26]. The main solution researchers use to deposit gold by means of
photoreduction contains sodium tetrachloroaurate (NaAuCl4 ) [27, 28]. Niidome et al. use
a pulsed laser in the wavelength of 532nm and sodium borohydride as a reducing agent
based on Brust et al. [29]; the illumination method used by Toth et al. is a continuous
wave argon laser at the 488nm wavelength and the solution contained formaldehyde as a
reducing agent. Although these authors achieved a successful deposition they did not worry
about generating patterns smaller than 100 µm. Most of the authors use silver nitrate in
aqueous solutions to photoreduce silver onto diﬀerent substrates. The illumination source
varies from pulsed lasers [17, 30, 10], continuous wave lasers [31, 13, 32, 21], and even white
light [33]. In terms of the illumination wavelength the frequencies go from visible (514nm)
to ultraviolet (193nm). Every author deposited silver successfully on every substrate they
tested. However, due to the nature of their application, the smallest feature achieved
measured less than 2 µm [13].
Due to diﬀraction limit most of the patterns generated with just a laser beam cannot
be smaller than 200 nm. Hence, another component has to be included in the method in
order to generate nano-scaled patterns.

3.2

Tip Aided Nano-fabrication

In pursuit of smaller features and narrower patterns, tip aided or induced nano-fabrication
was developed because of the advantage of the small dimensions of the probe, and the ease
with which one can move the probe and generate almost any pattern. Tip based nanofabrication has been divided in several areas and as technologies keep being developed more
ways to categorize the methodologies will be generated [34, 35, 36, 37].

3.2.1

Material Modification

Under this category, developments have been made to use the AFM tip as a tool to drive
chemical reactions or electrical modiﬁcations to preprocessed samples. A common technique
used is local oxidation. In local oxidation, the probe is negatively biased with respect to
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the sample and the AFM is used in contact mode or very close to the sample such that a
water meniscus is formed. A semiconductor substrate is then oxidized wherever the tip is
biased above a threshold voltage necessary to produce the chemical reaction [38, 39]. This
technique can be applied to an etching process, because of the diﬀerent etching rate of the
oxide, mask fabrication, and metal oxide semiconductor (MOS) processes.
Another method of nanopatterning that could fall into this category is the exposure
of a photoresist by passing a current through the tip. Some of the pioneers in using this
technique were McCord and Pease [40] who in 1988 were able to achieve patterns of 22nm in
width. Lee, et al. [41] used a process to expose a silane resist layer using a gold coated AFM
tip. This tip is not only in charge of drawing the pattern but also its coating provides gold
seeds for a future development process using a gold compound. This technique generates
patterns of less than 120 nm. This technique has not been widely adopted because electron
beam lithography can from much narrower patterns and is much faster than an SPM.
Under this category one could classify a local change in the electrical properties of the
sample material. An electric ﬁeld can be applied to a sharp tip to induce a local surface
charge on a substrate. Depending on the properties of this substrate, it is not rare for charge
density to remain unchanged for days if it is not externally excited [42, 43]. The AFM can
be used in tapping mode to detect changes in the electric ﬁeld in the sample (electrostatic
force microscopy). The ability of writing and reading these charge diﬀerences is why this
process can be classiﬁed as tip-based patterning.

3.2.2

Material Removal

Due to the development of stronger tips it is possible now to remove material previously
deposited by applying a force on the sample with the tip and move it through the area of
material one desires to remove. This technique is called AFM scratching and when related
to pre-deposited self-assembled monolayers that are being removed or reorganized some
researchers use the term nanoshaving [44, 45]. Given that it is possible to form very thin
layers of resist, several authors have used nano-scratching as replacement of the irradiationdevelopment steps in lithography [46, 47].
Some authors have used an STM, or a voltage biased AFM to etch material directly,
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without a chemical etching, where they use the tip as a low energy electron source [48, 49].
However, most of the research in etchant aided by a SPM is for locally controlling a wet or
dry chemical etching [50, 51, 52].
An interesting tool that could fall within the material removal category is thermal
nanolithography. For this type of lithography the tip is heated by means of a resistive
heating or a laser system in order to generate some change in the surface of the sample.
The most representative example of this method was developed by Mamin [53] in 1996 to
improve data storage density. Mamin designed a special tip for an AFM that was attached
to a resistive heater. When the tip reached certain temperature the heat formed holes in
the surface of the substrate. This development generated a research project that ended in
the design of the ”millipede” [54]. This device can write and read information by means of
an array of resistively heated tips. The laser heated tip method will be treated below in
section 3.3.

3.2.3

Material Deposition

An interesting method of material deposition uses transference of material from the tip to
the substrate. Tips coated with a metal and biased with a potential can at some points
deposit the coating onto the substrate being scanned. This leads to deposits of very small
quantities of material and hence, very small patterns [55, 56, 57].
Another more common method used for material deposition can be named localized
chemical deposition. In this approach the sample is scanned in a chemical vapor or liquid
deposition environment and the tip usually biased is in charge of driving a chemical reaction
so that the vaporized or liquid material can be deposited on to the substrate. Several authors
have investigated this way of deposition with several material and substrate combinations
[58, 59, 60].
Probably the most popular material deposition technique since it was discovered by
Piner et al. [5] is dip-pen nanolithography. Its name comes from the similarity with quill
or fountain pen in which one dips the pen in a container with ink, the pen absorbs the ink
and then releases it when it contacts the paper. In dip-pen nanolithography an atomic force
microscope in contact mode is used inside a humid environment such that a water meniscus
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is formed around the apex of the tip. The probe is moved to a location where a solution of
the material to be deposited or ”ink” is accumulated. The ink will attach to the tip because
of the water meniscus and it can be transported to the place where the pattern is desired.
The material is deposited as the tip scans the surface of the substrate. Multiple materialsubstrate combinations have been made and the inks can go from inorganic compounds
to biological specimens [61]. A derivation of dip-pen lithography is used when the tip is
biased and this potential diﬀerence triggers a chemical reaction in the ink which also leads
to deposition of material [62, 63].

3.2.4

Material Manipulation

Manipulation of particles [4, 64, 65], clusters of particles [66, 67], molecules [68], and even
individual atoms [69, 70, 71] is possible now due to the improvements in SPM systems.
Within this particles or clusters of particles one can include organic components like DNA
[72, 73]. Multiple investigations have been made to model the physics of the interaction
between particle and tip and several theories have been proposed [74, 4, 64]. However, the
basic idea behind particle manipulation is very simple: the AFM tip is positioned where the
particle is located, and then, either in contact mode or in tapping mode, the tip is moved
to a location where one wants to move the particle. Nanoparticle movements have been
done in vacuum, in air, and even in liquid. In the case of atomic movement the tool is more
complicated. Usually these experiments are made with an STM probe. The individual atom
movement has to be made usually under high vacuum to reduce unwanted contaminants and
with very low temperatures to avoid diﬀusion of the moved atom. However, movement of
silicon atoms has been made under room temperature conditions [75, 76]. Nanomanipulation
has been booming nowadays due to the necessity of moving nanowires or carbon nanotubes
to speciﬁc locations such that diﬀerent measurements can be done on them [77, 78]. An
interesting instrument created to ease the nanoparticle manipulation is the AFM nano
tweezers developed by Xie et al [79]. This tool uses four piezoelectric devices: two for each
of the probes and two for the stage, one for positioning and one for scanning. The AFM
nano tweezers have been used successfully to overlap two gold nanowires. Since each of the
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particles, clusters, or atoms has to be moved one by one, material nanomanipulation is a
very slow and complicated process when trying to generate large or complex patterns.

3.3

Laser and Tip Aided Nano-fabrication

Most of the eﬀects treated in section 3.2 (material modiﬁcation, removal, deposition and
manipulation), made with biased and unbiased tips, can be enhanced or accelerated by
introducing an external source of energy such as laser illumination. This happens because
of the enhanced electric ﬁeld on the AFM tip due to charge concentration. By aiming
pulsed and continuous wave lasers at the apex of the tip of an AFM or an STM, researchers
have achieved thermal oxidation [80], controlled nanoscratching [81, 82], resist exposure
[83], material modiﬁcation [84], and chemical modiﬁcation [85].
It is convenient to note that current research in scanning near-ﬁeld optical microscopy
(SNOM) has originated several methods to modify, remove, deposit and manipulate scanned
material. Hence, a new area of nanofabrication has emerged called SNOM lithography or
SNOML. The advances in this area are not going to be discussed here but they are explained
in Tseng [86].
The study this thesis describes is based on AFM patterning, laser induced deposition,
and liquid deposition. A liquid silver precursor, typically an aqueous solution, is illuminated
with a focused laser beam to obtain deposition of solid silver on a glass substrate. While
the interface of the glass slide and the liquid precursor is illuminated, an AFM tip scans
the illuminated area. According to plasmonic theory principles, the incidence of light on a
metallic sharp tip surrounded by a media with a diﬀerent permittivity generates a charge
accumulation at the surface of the tip. If the deposition due to the irradiation of the liquid
precursor depends in some degree on the intensity of the illumination, a higher light intensity
could accelerate the photoreduction in an area with a diameter of at least half the radius of
the tip. If a higher deposition rate is obtained just below the tip’s apex the deterministic
movement of the tip should generate patterns narrower than the radius of the tip. The
experimentation returned opposed results; a scan of an illuminated AFM tip over a substrate
locally suppresses the laser-induced deposition of silver. This eﬀect persists for some time
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after scanning which derived in an easy to use ”negative tone” patterning technique that
has not been explored according to the authors’ knowledge. Therefore a new technique
to generate negative-tone silver patterns based on the suppression of photo-reduction by
tip scanning during illumination has been demonstrated. The possible applications of this
eﬀect fall within the areas of mask repair, metal deposition, surface raman spectroscopy,
and plasmonic sensors.
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Chapter 4
EXPERIMENTAL SETUP
A diagram explaining the typical experimental setup used for this study is shown in ﬁgure
4.1. It consists of a liquid which is known to photoreduce to a metal when illuminated, a
laser system to illuminate the liquid-substrate interface and the AFM table and tip to form
the patterns. Figure 4.1 shows a microscope objective of focusing a laser beam on a glass
sample containing the silver liquid precursor by means of an AFM liquid cell. An AFM tip
is dipped in the precursor and scans the sample in contact mode for every experiment.

Figure 4.1: Experimental setup. A microscope objective with numerical aperture of
0.25 focuses a 532 nm laser beam on the interface between glass and a liquid precursor
contained by an o-ring in the liquid cell. At the same time a gold coated AFM probe comes
in contact with the glass over the area being illuminated.

4.1

Laser Illumination Systems

Three diﬀerent illumination sources were used before settling with a ﬁnal laser setup. The
ﬁrst experiments were made using pulsed lasers. Although these experiments did not provided conclusive results it is important to describe the systems for future references.
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The initial experiments were done using a Spectra-Physics 337 nitrogen laser with a
dye laser accessory. A Coumarin 480 dye from Exciton was used; hence the wavelength
range obtained was from 453 nm to 523 nm. The pulse width of this laser is 4 ns and the
maximum frequency is 20 Hz. However, for the experimentation the frequency was not set
above 15 Hz. The maximum average energy measured at the output of this laser was 72
µJ. This output was coupled by means of a collimator to a multi-mode optic ﬁber and at
the output of the ﬁnal objective we had 23 µJ. The measured spot size was about 125 µm.
Another set of experiments was made with a Spectra-Physics GCR-170-30 q-switched
Nd:YAG laser. This laser was set to emit a 532 nm wavelength. The pulse width of this
laser is 7 ns and the maximum pulse frequency is 30Hz. The average energy speciﬁcation
for this laser is 300 mJ. However, the laser beam is passed through two beam splitters, 5
mirrors, an aperture with less than 1 mm in diameter, a polarizer, and the objective. At
the end of the laser system the measured power was 1.37 mJ. When using this laser the
power was set not greater than 49.5 µJ. The spot size at the output of this laser system is
estimated in 20 µm of diameter.
The third laser source used for the experimentation was a continuous wave solid state
green laser with a maximum power of 15 mW. This laser source was unstable with respect
to the temperature and its power output changed greatly during the day. Hence, the need
for a more stable source with a higher power output.
The ﬁnal laser system used is described in ﬁgure 4.2. The laser system is in charge
of providing a controlled illumination. The variables to control are the time and intensity
that the liquid-substrate interface receives. The source is a diode pumped laser of 532
nm horizontally polarized and with a maximum power of 530 mW. An intensity control
system is made using a half-wave plate (Thorlabs WPH05M-532) and a polarizer (Thorlabs
GL5). Keeping the polarizer ﬁxed while rotating the half-wave plate will change the power
without changing the output polarization. The power controlled laser beam is then coupled
to a single mode optic ﬁber (Thorlabs P1-488PM-FC-5) which maintains the polarization.
This ﬁber gives the system the ﬂexibility of changing the focus and the position of the
laser beam without having to re-align all the optics. The beam at the output of the ﬁber
is passed through a collimator (Thorlabs F260APC-A) and is oriented to a 30-70 beam
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splitter (Thorlabs BST10). The percentages of transmitted and reﬂected power depend on
the polarization of the incident beam; hence, the importance of the polarization maintaining
optic ﬁber. In this case the incident wave is S polarized which divides the beam letting 15%
being transmitted and 85% reﬂected. The weaker beam is measured at all time with a silicon
and germanium photodiode sensor (Coherent OP-2 VIS). The stronger beam is aligned to
a microscope objective with a numerical aperture of 0.25 used to focus the beam to a
minimum spot of 4 µm in diameter.

Figure 4.2: Laser System Descriptive Diagram. The complete laser system is shown.
The intensity of the beam is attenuated by a half waveplate-polarizer pair, focused onto
a single mode optic ﬁber with an objective with a numerical aperture of 0.85. The beam
is collimated at the output of the ﬁber and divided by the beam splitter. The 15% of the
beam is directed to a power meter while the 85% is focused on the glass-liquid interface by
an objective with a numerical aperture of 0.25.
This laser system has been proved several times, its power is stable and the maximum
value at the objective is 45mW. The power limit in this system is given by the single mode
optic ﬁber which only stands 300 mW of input power. The coupling of the laser beam into
the ﬁber optic has proven a challenge due to the coarse screws of the coupler used (Newport
F-91-C1). However, the coupling objective used for this system has a numerical aperture
of 0.85, and according to the calculations a better coupling can be obtained using a 0.65
NA objective. The proper objective was not available in the laboratory at the time the
experiments were made.
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4.2

Liquid Precursors

The photoreducing formula to form copper were obtained from Man’shina et al. and
Kordás et al. [24, 23] Both authors use copper sulfate (CuSO4 ), potassium sodium tartrate (KNaC4 H4 O6 ), sodium hydroxide (NaOH) and formaldehyde (HCOH) in diﬀerent
proportions. Man’shina et al. suggests mixong 0.260 g of copper sulfate with 1.320 g of
potassium sodium tartrate, 0.386 g of formaldehyde, 2.2 g of methanol and 2.5 g of water.
In our system setup we decided to keep the solution at room temperature.
The gold precursor solution was obtained by mixing 1 mM of chloroauric acid (HAuCl4 )
as proposed by Harada and Einaga [87] and 20 mM of sodium citrate (NaC6 H7 O7 ) as it is
known by its reducing properties.
The silver solution was obtained from Bjerneld et al. [88]. The liquid was made by diluting in water two salts, in our case fabricated by Sigma-Aldrich, sodium citrate (NaC6 H7 O7 )
reference S4641, and silver nitrate (AgNO3 ) reference 209139. Both salts are diluted in
de-ionized water in a concentration of 1mM each. To homogenize the solution the bottle is
dipped in a sonicator for 5 minutes. Being a solution that forms solid silver nanoparticles
when exposed to light care has to be taken to cover the bottle from incidental illumination.
The glass slide used as a sample was cleaned prior to every experiment by dipping it in
acetone, isopropanol, and deionized (DI) water, sonicating it for ﬁve minutes in each case
and doing one minute of microwave plasma etching after the sonications.
An Agilent 5500 AFM is used as a sample holder, liquid container, and for the tip
movement. This model of AFM provides the option of having a liquid cell to do high
resolution scans within liquids. In our case the liquid cell was used to contain the liquid
precursor. The liquid cell consists of a plastic holder ﬁxing an o-ring against the glass
sample (see ﬁgure 4.3). This allows to place up to 0.8 ml of liquid in contact with an area
of approximately 1.5 cm2 . The liquid cell has an opening where the scanning sensor and
the tip can come in contact with the sample to make the image. We have used this liquid
cell to hold the silver precursor and at the same time be able of doing a scan with the tip.
Figure 4.3 shows a cut of each of the components of the Agilent 5500 liquid cell including the
sample holder, glass slide, o-ring, and liquid cell. Note that the sample holder is providing
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also screw holes to press the o-ring to the glass slide and the liquid cell. Additionally, the
sample holder has to have a hole so that the laser beam can be applied to the sample.

Figure 4.3: Liquid Cell Components. A silicone o-ring is pressed against the glass
sample and the plastic liquid cell by means of screws attached to the sample holder.
For this study the AFM tip was moved around the illuminated area in contact mode, in
this way the tip was always in contact with the sample. The force applied to the sample by
the tip is given by the set point, set in all experiments to 0 V which translates to cantilever
deﬂection of 0.25 µm and considering a force constant of the cantilever of 0.4 N/m the force
applied to the surface will be around 0.1 µN. The potential diﬀerence between the tip and
the sample holder is set to 0 V to avoid unwanted electrostatic eﬀects. The tip used for the
scans is a Budget Sensors’ gold coated AFM tip (ContGB-G) which has a radius smaller
than 25 nm.
Note that the concept of the system setup shown in ﬁgure 4.1 was maintained for every
precursor and laser source tested. However, the AFM tip was not used with the Nd:YAG
laser because it was immediately noticed that the energy was too high for the glass sample.
This case is going to be explained more in depth in the following chapter.
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Chapter 5
RESULTS AND DISCUSSION
5.1

Pulsed Laser Experimentation

Although this study shows results of silver patterning, the ﬁrst materials we tried to deposit
during the experimentation were copper and gold. It was thought that a speciﬁc wavelength
was necessary to obtain the photoreduction. Hence, a pulsed dye laser was the best choice
because of the ﬂexibility in changing the wavelength. Several experiments were made with
this illumination source trying diﬀerent wavelengths and liquid precursors. However, after trying several times with diﬀerent wavelengths/energy/precursor combination, and not
getting any successful deposition, it was decided to maintain the wavelength ﬁxed and use
a more powerful laser system. This is when the experimentations with the Nd:YAG laser
started.
The Nd:YAG experimentation was made also with a diﬀerent precursor, one that was
proven to reduce in silver nanoparticles. However, as soon as the Nd:YAG laser system was
set we noticed that the energy generated by this laser was going to be too high. The focused
energy, without any sample near it, was able to break-down air at the focal point. Even with
a minimum power setting (20 µJ) the glass sample was melting. Some nanoparticles were
observed in the scanning electron microscope (SEM) images taken from these experiments,
however, the little deposition obtained was aﬀected greatly by the destruction of the glass
sample due to the excessive pulse energy. After looking more closely to the Surface Enhanced
Raman Scattering research done by Bjerneld et al. [88], where they obtained a successful
deposition using a 3 mW continuous wave laser illuminating the sample during 15 seconds,
it was decided to switch to a continuous wave laser. Switching to the continuous wave laser
was a crucial change in our deposition success.
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5.2

Continuous Wave Laser Experimentation

After making the laser source type change to continuous wave, the deposition of silver on
the glass substrate was easily achieved even with a not so stable or powerful solid state
laser. An illumination of the substrate and the solution with an intensity of approximately
4.3 kW/cm2 during 15 seconds generated a highly deposited area like the one shown in
ﬁgure 5.1.

Figure 5.1: Silver deposition on glass substrate formed after illumination with
the solid state laser source. A 10 mW continuous wave solid state laser was focused to a
diameter of 12µm on a liquid-ITO glass interface. The illumination time for each deposition
was 15 seconds. The calculated intensity is over 4.3 kW/cm2 .
The ﬁgure 5.1 shows two circular but not homogeneous depositions. The irregular
density and shape of the deposition is due to the hot spots of the laser source and its nonidealities. This was one of the reasons why a single mode optic ﬁber was wanted in the ﬁnal
system setup. This type of ﬁber would help us in the cleaning of the laser source removing
any hot spots and providing a clean gaussian beam. Once the laser system was proven to
generate repeatable depositions, the AFM tip was brought in place to try the enhancement
experimentation.
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5.2.1

Basic Illumination Experiment

As it was mentioned in section 4.1 the beam waist at the focal point of the laser system is
about 4 µm. In order to obtain a deposition area greater than 500 µm2 (at least ﬁve times
the size of the scanned area) the laser beam was not focused precisely at the substrate-liquid
interface but a few micrometers before. An SEM image (obtained using a Hitachi S4300)
of a silver deposition is shown in ﬁgure 5.2. The deposition in ﬁgure 5.2 was obtained with
a 5 minute illumination at about 20.5 W/cm2 . This image shows several irregularly shaped
particles of sizes from 50 to 500 nm. The space between them also changes but for the
most part is not greater than 500nm. This behavior is only observed in the center of the
illuminated area; the peripheral regions (not shown in the ﬁgure) that receive less power
are not as densely spaced.

Figure 5.2: Silver deposition on glass substrate formed after illumination. Silver
nanoparticles as deposited on a glass substrate after a 5 minute illumination at 21 W/cm2 .
To verify the composition of the silver particles deposited, an Energy Dispersive X-ray
Spectroscopy (EDS) was conducted on several samples. The EDS data, obtained using a
Hitachi S-3200N, is shown in ﬁgure 5.3. The measurements are taken with an Evex silicon
lithium detector. The silicon (Si), sodium (Na), oxygen (O) and calcium (Ca) peaks are

23

present due to the glass slide used as a substrate. The dashed red curve shows the spectrum
for a not deposited area from the substrate. The blue curve shows the spectrum for a densely
deposited area. The deposited area shows two peaks due to Silver (Ag) presence. From the
three Silver (Ag) peaks obtained, one is present in both curves probably due to residues
of the silver nitrate (AgNO3 ) salt, and the other peaks are only present in the deposited
section of the sample. This conﬁrms that the particles are mostly made of silver.

Figure 5.3: EDS data for a deposited area and a not deposited area from the
same sample. The dashed red curve shows the spectrum for a not-deposited area from
the substrate. The solid blue curve shows the spectrum for a densely deposited area.
The deposited area shows additional peaks due to the presence of silver. Other peaks are
attributed to the glass substrate.

5.2.2

Scanning During Illumination Experiment

As it was mentioned in section 2.3, the plasmonic principles suggest an intensity enhancement and conﬁnement at the apex of the tip. This enhanced electromagnetic ﬁeld should
have generated greater deposition (larger density or size of the particles) in the area scanned.
The obtained result was completely diﬀerent to the one expected as it is shown in ﬁgure
5.4. The image in this ﬁgure was taken after illuminating the sample with a focused 532 nm
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laser beam, for 5 minutes at about 20.4 W/cm2 , while a 10 µm by 10 µm area is scanned at
a speed of 16.7 µm/s. The image shows an area of 10 µm by 10 µm with a clearly reduced
deposition due to the scanning.

Figure 5.4: Silver deposition on glass substrate formed during illumination and
scan. Deposition of silver nanoparticles and cleared area obtained when illuminating the
sample while scanning a 10 µm by 10 µm area. The deposition spot size is approximately 80
µm while the square cleared area has exactly 10 µm of side. The scan speed is 16.7 µm/s.
The number of particles inside the area is clearly reduced by the scanning. This deposition
was formed with a 5 minutes illumination at 21 W/cm2 .
There are several possible explanations for this reduction of deposition but the two most
probable are: not having an ideal angle of incidence of the laser, and the use of contact
mode during the scanning. The laser setup is designed such that the incident illumination
is practically at a 0◦ angle with respect to the substrate normal. As several authors have
reported previously, a greater ﬁeld enhancement is obtained in a tip-particle geometry for
the electromagnetic component that is in the same direction as the tip (normal to the
substrate) [9, 89]. In our experiment only a small component in this direction is present
due to the focusing of the laser beam. The enhancement of such component is probably
negligible. Along with the ﬁrst possibility, the scan mode of the AFM sensor is contact
mode. As it was mentioned before, in contact mode the tip is in contact with the surface
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of the sample at all times, in this way the lateral force the tip applies to the newly formed
particles is enough to detach them from the substrate setting them at the sides of the
scanned area and/or leaving them suspended in the solution. Several investigations have
been made by diﬀerent authors to show that manipulation of nanoparticles is easily achieved
with a moving AFM tip [4, 90].
One might ﬁrst assume that this result can be explained by simple mechanical removal
of the deposits by the tip. That is, even if the tip enhances deposition, the lateral force
applied by the scanning tip is suﬃcient to remove deposited particles. As we state below,
by scanning the particles after deposition, suﬃcient lateral forces are present. However, a
purely mechanical cause does not explain why the suppression of deposition is uniform. One
would expect that regions scanned earlier in the process, e.g. the top of the cleared region
in ﬁgure 5.4, would reﬁll with material while the remainder of the scan is being executed.
Such reﬁlling does not occur, even during scans that require far longer than the deposition
process, and a more complex mechanism must be sought to explain the phenomenon.
Thus, we conducted a series of experiments to elucidate the suppression mechanism.
First, we show that suppression of deposition persists for at least tens of minutes, even
during subsequent laser exposure in the absence of a scanning tip. This suggests either a
tip-induced surface modiﬁcation or preferential deposition on previously deposited particles.
However, we rule out a purely tip-based modiﬁcation by showing that pre-scanning the
surface before illumination, rather than during illumination, has little eﬀect. We also show,
using an optical projection approach, that preferential deposition on previously deposited
material does not explain the phenomenon. Thus, the substrate surface is modiﬁed only by
simultaneous illumination, scanning, and perhaps partial deposition. In support of this, we
show that the suppression of deposition is reversible by simply exposing the substrate to
atmosphere. Ultimately, this series of experiments narrows down the cause of suppressed
deposition to a persistent, but reversible, surface modiﬁcation which could be attributed
to the removal of nucleation sites by some combination of mechanical, photothermal, or
photochemical processes. The result is a new ”negative tone” patterning technique that
directly deposits a functional material.
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5.2.3

Scanning After Illumination Experiment

To verify if the contact strength used is able to remove particles from the substrate we
illuminated a sample and scanned it after obtaining deposited particles. An image of one
of these experiments is shown in ﬁgure 5.5. It turns out that although the tip indeed is
able to move particles, only some of the particles were removed. It is possible that the
lateral force applied to the particles by the tip after the illumination is ﬁnished is not as
strong as during the illumination is made. This can be an entirely mechanical eﬀect. The
tip could not be able to be in full lateral contact with the particles because the ﬁlm-like
characteristics of the deposition do not allow the deeper penetration of the tip. Or it can
be that the illumination and the heating eﬀects over the tip and over the particles will
reduce the adhesion of the particles to the substrate. Both of these explanations verify our
initial thought that the illumination during the scan is essential in the deposition reduction.

Figure 5.5: Silver deposition on glass substrate after doing a scan following
an illumination. Deposition of silver left after scanning a 10 µm by 10 µm square,
minutes after illuminating the sample without scanning. The illumination was made during
5 minutes with a 20 W/cm2 intensity. The scan removed some of the particles recently
deposited but most of the particles are still attached to the substrate.

27

Note, in ﬁgure 5.4, that the size of the cleared area is very similar to the size of the area
scanned (10 µm by 10 µm). However, another experiment showed that a laser illumination
of just two minutes leaves a considerable amount of particles deposited in the sample. The
top region of the cleared area shows a much smaller quantity of particles. Being scanned
in the ﬁrst seconds this region has been exposed to illumination of at least four minutes
after the tip scanned it; the deposition though, is not as much as we expected from a four
minute illumination. This detail prompted us to study the behavior of scanned regions and
determine if the scanning is indeed removing the deposited particles and preventing future
deposition in the scanned area.

5.2.4

Second Illumination After Scanning During Illumination

We ﬁrst need to conﬁrm that scanning during illumination suppresses deposition for some
time after the tip is removed. A convenient experiment to conﬁrm this is to scan an area
during illumination for ﬁve minutes; after the scan is ﬁnished, another illumination of ﬁve
minutes takes place over the same area but without scanning. Figure 5.6 shows the results
of illuminating the sample while a 10 µm by 10 µm area is scanned at a speed of 16.7 µm/s.
As expected, the quantity of particles inside and outside of the scanned area is greater
compared to the image in ﬁgure 5.4 where there is no second illumination. The number of
particles inside the scanned area though, is much lower than what would be expected in a
ﬁrst illumination without scanning experiment.
The results seen in ﬁgure 5.6 suggest that either the scanning tip prevents deposition
by modifying the surface, or that any subsequent deposition occurs preferentially on the
particles deposited during the ﬁrst illumination.

5.2.5

Scan Before Illumination Experiment

To determine whether the tip alone modiﬁes the surface, an experiment was conducted
where the surface of the substrate was scanned before any illumination. Afterwards the
same area was illuminated in the absence of the tip. In this case, the scanned area was
re-deposited with silver, and the deposit appeared much the same as the surrounding area.
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Figure 5.6: Silver deposition on glass substrate formed after two illuminations,
the first one done during scanning. The sample is illuminated while a 10 µm by 10 µm
area is scanned at a speed of 16.7 µm/s. As expected, the quantity of particles inside and
outside of the scanned area is greater compared to the image in 5.4 where there is no second
illumination. The number of particles inside the scanned area, though, is much lower than
what would be expected in a ﬁrst illumination without scanning experiment.
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In three out of four experiments the deposition was so uniform that it was not possible to
identify in the SEM images any diﬀerence between the area scanned and the other deposited
areas. In one of the pictures a diﬀerence in density was spotted however the scanned area
was not as clear of depositions as in the experiments where the scan was made during the
illumination. This suggests that suppressed deposition only occurs when the area is scanned
and illuminated simultaneously.

5.2.6

Double Illumination With and Without Mask

Another possible explanation for the lack of deposition in a subsequent illumination argues
that the silver particles created in the second illumination could be deposited on top of
previously deposited particles more easily than on top of a cleared substrate. An illumination was made using a mask to form a clean area (see ﬁgure 5.7 (a)); next, another clean
area was made with the same mask and then a second illumination was made on top of the
previous one to see if there was any deposition suppression in the non-deposited area. The
formerly clean area was deposited without any suppression (see ﬁgure 5.7 (b))proving then
that a scan with an illuminated tip is essential in order to produce any type of deposition
reduction.

Figure 5.7: Comparison of re-deposition using a mask instead of a scanning tip
for preventing deposition. (a) SEM image of the deposition of silver with clean areas
generated using a mask to block the laser illumination. (b) SEM image of the results of a
double illumination; the ﬁrst illumination is made using a mask and the second illumination
is made without the mask. It is shown in ﬁgure (b) that the second illumination (without
the mask) induces deposition in every region, regardless of whether the region is already
covered in deposits or not.
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5.2.7

Reversibility of the Suppression of Deposition

Two additional experiments were performed in order to observe the reversibility of the
suppression of deposition. In both of these experiments the ﬁrst step was to do an initial
illumination while the tip scanned the area for ﬁve minutes, thus creating a deposition
spot with a cleared 10 µm by 10 µm area. After this initial scan during illumination the
two experiments diﬀer. In the ﬁrst experiment, the liquid precursor was replaced without
exposing the sample to the atmosphere; in the second experiment the sample was washed
with DI water and dried by means of blown air, and then a second illumination with a
similar intensity was done but without a scanning tip.
For the ﬁrst experiment, the results were very similar to the ones obtained when a
second illumination without scanning was done without changing the solution (cf. ﬁgure
5.6). This result ruled out a simple depletion of silver or citrate ions near the deposit in the
static solution. This was not surprising given that diﬀusion alone should be suﬃciently fast
to replenish the region on a time scale far shorter than the duration of these experiments.
The second experiment results are shown in ﬁgure 5.8; the second illumination (without
scanning) generated new deposition even inside the previously cleared area. The SEM
image in ﬁgure 5.8 can be compared with that shown in ﬁgure 5.6. Both experiments
have a second dose of illumination after a scan-during-illumination procedure; however, the
deposition inside the 10 µm by 10 µm scanned area seen in ﬁgure 5.8 is much greater than
the one seen in ﬁgure 5.6. It can be said that the number and size of the particles inside
the scanned area for the illumination after washing the sample is similar to the particles
surrounding the scanned area in ﬁgure 5.4. This is clear evidence that the exposure to the
atmosphere returned the sample’s surface to the original state. Any illumination after the
sample washing will generate the same rate of growth in the previously scanned area as if
the area had never been processed.
5.2.8

Increasing the Suppression of Deposition

With the certainty of the suppression, it is convenient to question of the possibility of
reducing the deposition during the second illumination much more. To answer this, an experiment was made in which a same area was scanned several times while being illuminated,

31

Figure 5.8: Silver deposition after wash and second illumination. Silver deposits
on a glass slide after an experiment where the slide was illuminated while a 10 µm by 10
µm area was being scanned, then the sample was washed with DI water and next the same
spot was illuminated again. The scanned area is visible because the particles at the side
are larger, however, the particles where the scan was made are similar in size and quantity
to a regular one-illumination deposition.
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next an illumination without scanning was made. If more scans during illumination can
suppress even more the deposition, there will be a diﬀerence between a sample scanned one
time and a sample scanned three, ﬁve and eight times. Figure 5.9 shows sliced images of
the same region of the scanned area. The left section shows the deposition on a glass slide
after one scan during illumination and another ﬁve more minutes of illumination. The right
section of the ﬁgure shows the deposition after three scans during illumination and another
ﬁve more minutes of illumination. There are clear diﬀerences in the size and quantity of the
particles inside the scanned area. Note that the particles surrounding the scanned area in
the right side (three scans during illumination) are larger and greater in number than the
particles surrounding the area in the left side (one scan during illumination). Indeed the
right side of the ﬁgure shows a smaller number of particles with smaller size than the left
side of the picture.

Figure 5.9: Silver deposition after one scan versus three scans. Sliced pictures
of the same region of the scanned area. The left section shows the deposition on a glass
slide after one scan during illumination and another ﬁve more minutes of illumination. The
right section of the ﬁgure shows the deposition after three scans during illumination and
another ﬁve more minutes of illumination. Qualitatively there are clear diﬀerences in the
size and quantity of the particles inside the scanned area, however, the statistics are not as
conclusive.
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Although this experiment is visually clear in some sections of the suppressed areas, the
particle statistics returned a number of 595 grains of an average of 61 nm in diameter for
the experiment with one scan during illumination, against 553 grains with a diameter of
47 nm in average for the experiment with three scans during illumination. These results
although interesting are not conclusive enough. Unfortunately the experiments of scanning
during illumination ﬁve or eight times, which could provide more conclusive information,
presented a major diﬃculty in realization. After the third scan during illumination the
particles surrounding the scanned area become too large and the scanned area even though
cleared, becomes too irregular in shape. It is believed that the tip starts to accumulate too
many silver deposits losing its sharpness and forming a thick irregular metallic broom that
spreads the already deposited particles all over the illuminated area.

5.2.9

Formation of Silver Nanopatterns

We have shown that the growth reduction at the second illumination is due to the contact
of the sample with the illuminated tip. Also, the experiment in which the surface characteristics are reset shows that the mechanism of growth is much more complicated than
initially expected. Nonetheless, negative-tone patterns can be made using this technique.
Figures 5.12 to 5.14 demonstrate the feasibility of generating patterns smaller than 10 µm
by 10 µm squares.
To form a useful pattern the tip should move in a deterministic manner during illumination. To that end the PicoLith tool, included in Agilent’s PicoView 1.8.2 software, is used
to develop simple patterns and it is connected to the controller of the piezoelectric device
that controls the movement of the AFM tip. A pattern can be generated by illuminating
an area of the substrate and scanning the regions where it is not desired to have silver.
These patterns will persist even during subsequent illumination as long as the sample is not
washed. To verify the patterning technique and understand its quality and limitations several simple patterns were made. Figures 5.10 and 5.11 show the versatility of the PicoLith
tool.
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Figure 5.10: Triangular pattern. Silver deposits on a glass substrate made with laser
illumination while scanning an inverted isosceles triangle with a base of 8.8 µm, and sides
of 9.8 µm.

Figure 5.11: Circular pattern. Silver deposits on a glass substrate made with laser
illumination while scanning a circle of 3.6 µm in radius.
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The most promising results were obtained when patterning a series of bands of width
equal to 2 µm, 1 µm, and 0.5 µm, separated by the same width of deposited bands. Figures
5.12, 5.13, and 5.14 show the SEM image of the patterns formed when the scanning of
bars with width of 2 µm, 1 µm, and 0.5 µm respectively. Each of the patterns was formed
horizontally and vertically to verify if the scan order had any eﬀect on the patterns. The
PicoLith software was used to move the tip from top to bottom and from left to right. The
speed was such that the scan of the bands was done in 5 minutes, which will assure that
the illumination dose was the same as in the previous experiments. Deposits are present
mostly on the areas that were not scanned, while the scanned areas show a great reduction
in the quantity of silver particles.

Figure 5.12: Patterns of horizontal and vertical two micrometer bars. Silver
deposits on a glass substrate made with laser illumination while scanning bands of 2 µm
width spaced by 2 µm. (a) Horizontal bars scanned from top to bottom. (b) Vertical bars
scanned from left to right. Each bar is scanned from top to bottom.
Aside from the large gaps of regions without silver, which can be optimized by varying
the dose of illumination, the patterns formed by the scanning bands of 2 µm and 1 µm
width were generated correctly. The width of the cleared sections was not exactly 2 µm and
1 µm, almost in every section of the bands the cleared sections are wider than the deposited
sections. The patterns generated with the 0.5 µm wide bands presented high irregularities,
sections without deposits and large particles in the supposedly cleared area. Most of the
particles present in these experiments are relatively large (see 5.14). The large size of the
particles, some of which are at least 250 nm in diameter, limit the generation of narrower
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Figure 5.13: Patterns of horizontal and vertical one micrometer bars. Silver
deposits on a glass substrate made with laser illumination while scanning bands of 1 µm
width spaced by 1 µm. (a) Horizontal bars scanned from top to bottom. (b) Vertical bars
scanned from left to right. Each bar is scanned from top to bottom.

Figure 5.14: Patterns of horizontal and vertical half of a micrometer bars. Silver
deposits on a glass substrate made with laser illumination while scanning bands of 0.5 µm
width spaced by 0.5 µm. (a) Horizontal bars scanned from top to bottom. (b) Vertical bars
scanned from left to right. Each bar is scanned from top to bottom.
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patterns because the tip drags these large particles and they bump into other particles to
form large clusters. These clusters can move to the cleared area or generate large gaps in the
deposited areas. The method is currently limited with respect to density of the deposited
areas and size of the particles; however it is expected that these obstacles can be overcome
with a detailed study of illumination dose and precursor chemistry.
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Chapter 6
CONCLUSIONS
In summary, enhanced photodeposition near a metallic scanning probe tip was not observed
for the narrow range of conditions considered here. Mechanical displacement of the particles
by the tip may counteract the enhanced deposition; however, the illumination conditions
were also not favorable to produce a large ﬁeld enhancement. For future eﬀorts the angle
of incidence should be tuned to obtain maximum ﬁeld enhancement, and the tip should
not be in contact with the sample. The most important eﬀect observed in this study was
the suppression of deposition after scanning the tip during illumination. Neither scanning
the tip in the absence of illumination nor pre-depositing material nearby reproduces the
eﬀect. The clearing eﬀect lasts at least tens of minutes while the sample remains covered by
a liquid; however after the sample is washed and dried silver can be deposited again with
the same rate. One speculative explanation for these results is that particles are deposited,
removed by the scanning tip, and that in the process the defect, impurity, or contaminant
that served as a nucleation site is also removed. If so, the experiments also suggest that
the nucleation sites can be reintroduced by exposure to atmosphere. Regardless, the three
simplest mechanisms have been ruled out and a solid foundation for future work has been
established.
The eﬀects described above can form the basis for a method for negative tone, tip-based
patterning. However, more reﬁnement is required to produce truly nanoscale patterns. Developing photoinduced deposition processes that produce ﬁlms containing smaller, denser
particles and alternative materials will be an important ﬁrst step. If successfully extended,
the technique could provide a new approach to nanoscale rapid prototyping and semiconductor mask repair. Regardless, suppression of photoinduced deposition by a scanning probe
can be counted among a small group of nanopatterning approaches that directly deposit
functional materials in a single step.
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Chapter 7
FUTURE WORK
As it was mentioned in the conclusions (chapter 6) we will need to reﬁne this technique in
order to be able to produce nanoscale patterns.
One of the characteristics of the deposition to improve will be to increase the density
of the deposited ﬁlm. An enhanced density will allow the elaboration of continuous patterns, an essential property of the ﬁlm if it is going to be used in mask generation or to
create conductive nanopatterns. Another important factor that can alter the quality of the
pattern is the size of the deposited nanoparticles. As explained in section 5.2.9 a smaller
size of the formed nanoparticle increases the possibility of generating narrower patterns.
Additionally, a large particle will increase the probability of having irregular edges in the
patterns. Obtaining smaller particles will reduce the dragging of the particle by the tip.
These two improvements can be achieved by having more precise control in the intensity
and time of the illuminations.
Considering applications in the mask repair industry, a deposition of diﬀerent materials
will be necessary. Some of the materials used in masks nowadays are chrome, alloys of
molybdenum and silicon, aluminum nitride, titanium nitride and tantalum boron nitride
depending in the illumination wavelength [91, 92].
An obvious method of deposition of nanopatterns to continue exploring is the enhancement in deposition due to the plasmonic ﬁeld enhancement at the apex of the tip. Although
in this study an interesting and useful behavior has been investigated, the original hypothesis
has not been proved. To try to develop the plasmonic nanopatterning technique, experiments will have to reproduce the ideal conditions for ﬁeld enhancement. The illumination
has to be done with an optimal angle of incidence and the tip should not be in contact with
the substrate to eliminate mechanical removal eﬀects. Tapping mode could be appropriate
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for this new set of experiments, because the amplitude can be set so the tip does not contact
the surface of the sample being scanned.
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